Zoogloea ramigera 115 synthesized large amounts of matrix polymer from fructose, galactose, glucose, lactose, mannose, soluble starch, and sucrose when these carbohydrates were used as supplements to a chemically defined medium. All ofthem supported polymer synthesis to the extent that cultures thickened to a gel. Concentration of carbohydrate nutrients in the range 0.5 to 2.0% was not a critical factor in determining eventual total thickening to a gel, except in relation to the incubation time required. Glucose disappeared from the growth medium rapidly and correlated with increasing cell growth and poly-3-hydroxybutyrate (PHB) accumulation. PHB concentration decreased as extracellular polymer was synthesized, suggesting a link between PHB and extracellular polymer production.
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Zoogloea ramigera 115 is a capsular matrixproducing pseudomonad which forms a characteristic flocculent growth in aquatic habitats. In addition to its known involvement in the removal of organic matter from solution as a part of waste treatment processes, the organism has a potential application as a selective demineralizing agent for the removal of certain ions including radioactive cations from water. Friedman and Dugan (5) reported that the organism concentrated and accumulated copper, cobalt, iron, nickel, and zinc ions from solutions by adsorption to matrix polymer. The polymer has also been shown to remove effectively mineral ions from acid mine drainage (4). Joyce and Dugan (8) reported rapid adsorption of such amino acids as arginine and alanine to the polymer. Adsorption of ions and dissolved organics to the extracellular matrix polymer stimulated an interest in the capacity of the organism to synthesize the polymer which might be exploited as a means of removal of pollutants from water. Friedman et al. (7) reported the zoogloeal matrix of this organism to be composed of fibrillar strands of polysaccharide polymer. The polymer has been purified, and its purity was verified by X-ray diffraction techniques and X-ray powder diagrams (R. M. Marchessauld, Department of Chemistry, University of Montreal, personal communication).
The purpose of this study was to investigate further the composition of the polymer and the conditions affecting the production of extracellular polymer.
MATERIALS AND METHODS Culture and media. Z. ramigera 115 was employed in this study (6, 8) . It was cultured and maintained in the following modification of the arginine medium of In each case, the polymer was isolated from 100 ml of culture incubated in 2.0% carbohydrate in basal medium after 7 to 14 days at 24 + 2 C on a reciprocal shaker (120 strokes/min). To study changes in batch culture and growth medium parameters, 10 liters of the medium in a 14-liter fermentor (New Brunswick Scientific Co., New Brunswick, N.J.) was inoculated with a 1% volume of a 72-hr culture and maintained at 24 + 2 C with continuous agitation (300 rev/min) and aeration (3 liters of air/minute) for 7 to 20 days.
Isolation and purification of polymer. In each case, polymer from the cells grown in carbohydrate source was extracted and isolated as outlined in Fig. 1 .
Acid hydrolysis of dried extracellular polymer. One milligram of purified polymer and 1 ml of 2 N HCl were sealed in replicate 5-inch soft glass tubes and hydrolyzed at 100 C for either 8.5 or 18 hr. The hydrolyzed material was removed from the sealed tube and transferred to a 50-ml beaker which was held in a water bath at 90 C; volatile material was evaporated under a stream of air. A 1.5-ml sample of distilled water was added to the hydrolyzed residue and again evaporated. This procedure was repeated three times to completely evaporate the HCl; the residue was then redissolved in 0.3 ml of distilled water and stored under refrigeration for subsequent paper chromatography. 657 PARSONS AND DUGAN 100-ml culture (7 to 14 days) volumes of acetone), and ninhydrin spray (1.0 g of ninhydrin in 500 ml of 1-butanol and 0.5 ml of collidine).
Fermentor studies and viscosity determination. At each sampling time approximately 150 ml of whole culture was removed from the fermentor. Two 10-ml samples of whole culture material were frozen at -70 C for subsequent determination of dry weight, total deoxyribonucleic acid (DNA; 3), and poly-flhydroxybutyric acid (PHB; 9). Two 10-ml samples of supernatant (6,600 X g for 10 min, Sorvall SS-1) were frozen at -70 C for subsequent determination of Nelson's reducing sugar (1) and anthrone sugar (10) . An 8-ml sample of whole culture and an 8-ml sample of the supernatant were used for viscosity determination to estimate polymer production. Precalibrated VOL. 21, 1971 glucose was selected as the carbohydrate source for aU further investigations. The time-sequence of polymer production was investigated in a 14-liter fermentor. The cells were so firmly enmeshed in the matrix polymer that it was not possible to obtain cell counts. Therefore cell growth was followed by a total DNA determination. Figure 2 gives the results of one study obtained from a 10-liter culture in 12 days. Utilization of glucose available in the medium is related to viscosity of both supernatant and whole culture sample and to accumulation of PHB. The level of glucose dropped in 58 hr from 62 to 4.0 ,umoles and was therefore not available in the culture solution between 60 and 288 hr when the viscosity was observed to increase. PHB concentration rapidly increased between 20 and 40 hr and reached a maximum between 60 and 70 hr suggesting that PHB formation stopped when the glucose was spent. After 75 hr, there was a steady decrease in the quantity of PHB. At approximately 60 hr, viscosity of both supernatant and whole culture showed a marked rate of increase, suggesting a relationship between PHB expenditure and polymer synthesis. At 180 hr, an accelerated rate of increase in viscosity was observed. In the course of the study, the viscosity of the supernatant increased from 1.0 to 9.5 centistokes. In the same time-period, the maximum at 96 hr, over half of the available sugar had disappeared from the medium. After 250 hr, the reducing sugar present in the medium leveled off at 0.08 ,umoles/ml or less. The total carbohydrate, as reflected by the anthrone test data, leveled off at 11 ,umoles in the same time.
In this study, the viscosity of the culture supernatant increased from 1.0 to 10.3 centistokes. The viscosity of the whole culture sample, which contained cells and polymer, increased to 130 centistokes. In other batch cultures, the whole culture viscosity has been measured as high as 1,055 centistokes before total thickening made viscosity measurement physically impossible.
The above observations have been made on 17 different fermentor runs, and the following interpretations seem reasonable. After the cells had ceased to multiply (as suggested by the leveling off of the DNA), viscosity of both supernatant and whole culture continued to increase. This continued increase in viscosity could be due to increasing molecular weight, increasing branching, modification of the polymer (such as a change in water-binding properties), or further synthesis of more short-chain polymers. Figure  1 shows PHB still decreasing after 180 hr. The steadily increasing viscosity in the supernatants suggests the formation of a polymer precursor or low-molecular-weight polymer which remains in solution at 6,600 x g. The molecular weight of the polymer probably increases until it reverts from a soluble to a suspended molecule. Continued polymerization results in a matrix which flocculates from suspension and ultimately forms a gel. Viscosity in this situation can best be measured in whole culture samples to reflect increase due to both suspended and dissolved polymer.
The efficiency of glucose and arginine conversion to polysaccharide has been estimated from the data derived from several different fermentor studies. Cellular DNA was assumed to be 3% of the dry weight of the cells. Comparison to DNA growth curves indicated a production of 4.6 g of cells per liter at the point of total culture thickening. This value was compared to the total cell-floc dry weight value of 8.1 g per liter which was harvested from the culture vessel by centrifugation at the same time. The calculations indicate that the cells comprise about 55% of the total cell-floc dry weight. Total ash values in these experiments accounted for less than 6% of the dry weight, and it was assumed therefore that the extracellular polymer accounted for about 40% of the weight. If it is assumed that 50% of the cell dry weight and 40% of the extracellular polymer are carbon, we can account for 3.83 g of carbon per liter of a theoretical 4.22 g of carbon per liter added as glucose and arginine. The conversion of carbon substrate to cells is therefore estimated to be 54% and the conversion to polymer is approximately 34%. It has been previously reported that the flocpolymer adsorbs 99 times its own weight of water (4) .
Z. ramigera 115 has the capacity to produce prolific quantities of extracellular polymer which can adsorb metal ions, organics, or both, from solution and can effect the removal of these materials from water by flocculation and settling processes. Increased knowledge of polymer production could lead to a workable system for industrial pollution abatement.
